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a b s t r a c t 

Antiretroviral therapy (ART) is typically composed of a combination of three antiretroviral drugs and is 

the treatment of choice for people with human immunodeficiency virus type 1/acquired immune defi- 

ciency syndrome (HIV-1/AIDS). However, it is unable to impact on viral reservoirs, which harbour latent 

HIV-1 genomes that are able to reignite the infection upon treatment suspension. The aim of this study 

was to provide an estimate of the safety of the disease-modifying antirheumatic agent auranofin and its 

impact on the HIV-1 reservoir in humans under intensified ART. For this purpose, an interim analysis 

was conducted of three of the six arms of the NCT02961829 clinical trial (five patients each) with: no 

intervention, i.e. continuation of first-line ART; intensified ART (ART + dolutegravir and maraviroc); and 

intensified ART plus auranofin. Auranofin treatment was found to be well tolerated. No major adverse 

events were detected apart from a transient decrease in CD4 + T-cell counts at Weeks 8 and 12. Aura- 

nofin decreased total viral DNA in peripheral blood mononuclear cells compared with ART-only regimens 

at Week 20 ( P = 0.036) and induced a decrease in integrated viral DNA as quantified by Alu PCR. De- 

spite the limited number of patient-derived sequences available in this study, phylogenetic analyses of 

nef sequences support the idea that auranofin may impact on the viral reservoir. [ ClinicalTrials.gov ID: 

NCT02961829] 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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1. Introduction 

Gold salts, which have been used for decades in the treatment

of rheumatoid arthritis, possess effects that render them promis-

ing candidates for antimicrobial therapy [1–3] . The anti-infective

effects of gold salts were first hypothesised during the Italian Re-

naissance and were then demonstrated by Robert Koch in 1890

[4] . Despite almost a century of stagnation, the use of gold salts

as antimicrobial agents has experienced a revival in the 21st cen-

tury and they are being explored as promising therapeutic agents

against bacterial [1,2] , parasitic [3] , fungal [5] and viral [6] diseases.
∗ Corresponding author. Tel.: + 39 06 4990 2305; fax: + 39 06 4990 3561. 
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oreover, the anti-lymphoproliferative effect of gold salts, which

ave long been employed for the treatment of rheumatoid arthri-

is, may provide a therapeutic benefit in viral diseases, particu-

arly those that are complicated by virus-related inflammation [6] .

mong these, one promising application resides in the search for a

ure for human immunodeficiency virus type 1 (HIV-1) infection,

herein gold salts may become a novel class of agents acting by

 mechanism different from that of current antiretroviral therapies

ARTs). 

HIV-1 infection cannot be eradicated by ART. Latently infected

ells, mainly memory CD4 + T-cells that harbour the virus in a dor-

ant state and cannot be targeted by either ART or the immune

ystem, persist during therapy and proliferate both by homeostatic

nd antigen-driven proliferation [7–9] . This concept has been con-

rmed by phylogenetic analysis of sequenced proviral DNA during
rved. 

https://doi.org/10.1016/j.ijantimicag.2019.08.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijantimicag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijantimicag.2019.08.001&domain=pdf
http://ClinicalTrials.gov
mailto:andrea.savarino@iss.it
https://doi.org/10.1016/j.ijantimicag.2019.08.001


R.S. Diaz, I.L. Shytaj and L.B. Giron et al. / International Journal of Antimicrobial Agents 54 (2019) 592–600 593 

A  

t  

p  

t  

c  

d  

a  

[  

i  

a  

r  

m  

t  

i  

t  

a

 

r  

m  

A  

b  

m  

i  

l  

o  

m  

t  

t  

r

 

v  

n  

N

S  

A  

t  

t  

a  

[  

i  

r

 

i  

t  

c

2

2

 

r  

>  

w  

H  

c  

c  

i  

w  

n  

o  

n  

c

t  

l  

e  

d  

n  

c  

t  

r  

(  

t  

a

b  

o  

t  

C

 

c  

m  

m  

3  

l  

t  

(  

n  

m  

a  

d

 

t  

v  

t  

m  

p  

c  

t  

c  

e  

s  

t  

5  

a

2

 

b  

F  

t  

m  

4

2

 

(  

w  

(  

m  

h  

s  

m  

a  

n  

p  

1  

c  

g  

o  
RT. The same technique has also suggested that maintenance of

he viral reservoir in vivo is mainly due to a limited number of

roliferating HIV-1-infected cells [10] . Several attempts to target

he HIV-1 reservoir have been tested in clinical trials. These in-

lude the ‘shock and kill’ approach (reversing HIV-1 latency to ren-

er the infected cells targetable), therapeutic vaccines, gene ther-

py, and broad-spectrum combinations of monoclonal antibodies

8,11] . At present, however, HIV-1 has only been eradicated in two

ndividuals who were subjected to myeloablative chemotherapy

nd whose immune systems were replaced with those of donors

esistant to R5 HIV-1 strains [12,13] . Therefore, an HIV-1 cure re-

ains an unmet medical need. More so, since it was calculated

hat eliminating HIV-1 from the body only with current ART reg-

mens would take an average time of approximately 70 years, a

herapeutic timeframe that renders HIV-1 eradication unrealistic in

 lifetime [8] . 

In the context of research for a cure for HIV-1, the gold salt au-

anofin was previously shown to have therapeutic potential in a

acaque model of acquired immune deficiency syndrome (AIDS).

uranofin was able to induce a decay of viral DNA in peripheral

lood of macaques infected with the HIV-1 homologue simian im-

unodeficiency virus SIVmac251 when used in combination with

ntensified ART [14] . This observation is in line with the antipro-

iferative effect of gold salts, which is exerted through inhibition

f interleukin-2 (IL-2)-mediated signalling [15,16] . Moreover, other

echanisms may contribute to the impact exerted by auranofin on

he viral reservoir, e.g. auranofin induces lymphocyte differentia-

ion, especially in the memory compartment encompassing the vi-

al reservoir [17] , thus limiting its proliferative potential further. 

A clinical trial (SPARC-7) recently conducted at the Federal Uni-

ersity of Sao Paulo (Sao Paulo, Brazil) added to standard ART a

umber of experimental interventions [18] ( ClinicalTrials.gov ID:

CT02961829; http://www.clinicaltrials.gov ), including auranofin. 

pecifically, in this open-label randomised trial, 30 individuals on

RT were randomised to six treatments lasting 48 weeks, as de-

ailed in the Methods section. As auranofin has been hypothesised

o be a potential candidate in a number of combination therapies

imed at an HIV-1 cure, other than that tested in the SPARC-7 trial

19] , we decided to conduct an interim analysis to investigate the

mpact of this drug on the viral DNA dynamics using samples de-

ived from SPARC-7. 

Thus, the present study aimed to provide an estimate of the

mpact of auranofin on the HIV-1 reservoir in humans and to de-

ail the effects of the first use of a gold compound with ART in a

linical setting. 

. Methods 

.1. Subjects and setting 

Thirty individuals with viral loads suppressed by ART were en-

olled in the SPARC-7 trial. Inclusion criteria were: males aged

 18 years with documented HIV-1 infection; on ART for ≥2 years,

ithout changes in the 24 weeks immediately prior to screening;

IV viral load < 50 copies/mL and never > 50 copies/mL on two

onsecutive occasions in the last 2 years; CD4 nadir > 350 cells/μL;

urrent CD4 count > 500 cells/μL; and R5 HIV-1 infection at screen-

ng as defined by proviral DNA genotropism. Exclusion criteria

ere: any evidence of an active AIDS-defining condition; any sig-

ificant acute medical illness in the past 8 weeks; pregnancy

r breastfeeding owing to the possible teratogenicity of aura-

ofin [20] ; use in the 90 days prior to enrolment of systemic

ytotoxic chemotherapy, investigational agents, immunomodula- 

ors, coumadin, warfarin or other coumadin-derivative anticoagu-

ants; use of an agent definitely or possibly associated with an

ffect on the QT interval; receipt of compounds with histone
eacetylase inhibitor-like activity, such as valproic acid or nicoti-

amide, within the last 30 days; known hypersensitivity to the

omponents of gold salt, nicotinamide or its analogues; hepati-

is B (HBsAg + ) or hepatitis C (HCV-RNA + ) virus infection; known

enal insufficiency defined as a calculated creatinine clearance

Cockcroft–Gault formula) < 60 mL/min; presence of a labora-

ory abnormality grade 3 or 4 with the exceptions of pancreatic

mylase, cholesterol, triglyceride, gamma-glutamyl transferase and 

ilirubin; and presence of conditions that, in the investigators’

pinion, could compromise safety or adherence to the trial pro-

ocol. The protocol was approved by the Human Subjects Review

ommittee of the Federal University of Sao Paulo. 

Enrolled individuals were randomised to six groups: group 1,

ontinuation of ART; group 2, intensified ART (ART + dolutegravir +
araviroc); group 3, intensified ART and nicotinamide (10 0 0

g once daily); group 4, intensified ART and auranofin (oral,

 mg twice daily); group 5, partially intensified ART (do-

utegravir) + dendritic cell vaccine; and group 6, partially in-

ensified ART + nicotinamide + auranofin + dendritic cell vaccine

 ClinicalTrials.gov ID: NCT02961829; Supplementary Fig. S1). Aura-

ofin was used for the first 24 weeks. Antiretroviral drugs were ad-

inistered at dosages in line with standard clinical guidelines. The

llocation ratio was 1:1:1:1:1:1 and the interventions were con-

ucted in parallel. 

As this trial recruited participants for a long period, an in-

erim analysis was conducted on the impact of auranofin on the

iral reservoir due to the reasons detailed in the Introduction sec-

ion. The potential in vivo effects of auranofin in peripheral blood

ononuclear cell (PBMC) samples from groups 1, 2 and 4 were ex-

lored (Supplementary Fig. S1; Table 1 ). Groups 3 and 6 of this

linical trial were aimed at evaluating interventions unrelated to

he anti-reservoir effect of auranofin and have therefore not been

onsidered in the present study. The overall architecture and gen-

ral conclusions of the entire clinical trial will be the object of a

eparate report. The primary outcome measure of the present in-

erim analysis was the measurement of viral reservoir markers at

 months of treatment, i.e. the time point at which the effects of

uranofin are maximal [21] . 

.2. Quantification of viral load 

Viral load in plasma was quantified every 4 weeks using an Ab-

ott RealTime HIV-1 Viral Load Assay (Abbott Laboratories, Lake

orest, IL, USA) running on an automated RNA extraction and de-

ection platform m20 0 0 (Abbott Laboratories) according to the

anufacturer’s instructions. The detection limit of the assay is

0 copies/mL. 

.3. Quantification of HIV-1 DNA 

DNA from PBMCs was isolated using an AllPrep DNA/RNA Kit

QIAGEN, Ventura, CA, USA) as specified by the manufacturer and

as quantified using a NanoDrop 

TM ND-10 0 0 spectrophotometer

Thermo Fisher Scientific, Waltham, MA, USA). Total viral DNA was

easured following a previously published procedure [22] after in-

ouse analyses aimed at ruling out the effect of PCR inhibitors and

ecure maximal detection of viral DNA copies. Total HIV-1 DNA was

easured by quantitative PCR (qPCR) using the HIV-1 LTR region

s the target and the human CCR5 gene as the normaliser. Copy

umbers were extrapolated from standard curves generated with

lasmids harbouring two copies of the CCR5 gene and the HIV-

 LTR sequence. Briefly, the reaction mixture consisted of 1 × final

oncentration of 2 × Gene Expression Master Mix (Life Technolo-

ies, Carlsbad, CA, USA), 0.75 μM of each oligonucleotide, 0.3 μM

f probe, 5 μL of sample diluted 1:10 or 1:20 depending on the

http://ClinicalTrials.gov
http://www.clinicaltrials.gov
http://ClinicalTrials.gov
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Table 1 

Demographic, immunological and virological characteristics and treatment details of the individuals enrolled. 

Group CD4 + T-cell nadir a Sex Age (years) Viral load b Baseline ART Time of treatment initiation c 

1 395 Male 29 78 753 TDF + 3TC + EFV 2013 

1 534 Male 49 17 188 TDF + 3TC + FPV/r 2002 

1 580 Male 34 110 000 TDF + FTC + NVP 2004 

1 658 Male 53 52 312 TDF + 3TC + EFV 2013 

1 758 Male 33 9736 TDF + FTC + RAL 2014 

2 492 Male 28 11 762 TDF + 3TC + EFV 2013 

2 566 Male 60 97 000 AZT + 3TC + NVP 2007 

2 604 Male 39 7512 AZT + 3TC + ATV/r 2013 

2 661 Male 35 55 000 TDF + 3TC + EFV 2012 

2 683 Male 44 13 715 TDF + 3TC + EFV 2013 

4 412 Male 40 15 931 AZT + 3TC + EFV 2010 

4 372 Male 31 20 221 ABC + 3TC + EFV 2012 

4 873 Male 47 22 300 AZT + 3TC + EFV 2007 

4 434 Male 34 88 000 TDF + 3TC + FPV/r 2011 

4 448 Male 27 154 504 TDF + 3TC + ATV/r 2012 

3TC, lamivudine; ABC, abacavir; ART, antiretroviral therapy; ATV, atazanavir; AZT, zidovudine; EFV, efavirenz; FPV, fosampre- 

navir; FTC, emtricitabine; NVP, nevirapine; /r, boosted ritonavir; RAL, raltegravir; TDF, tenofovir. 
a CD4 + T-cells counts are expressed as number of cells/mL of whole blood. 
b Viral load is expressed as copies/mL of plasma. 
c Treatments were initiated according to Brazilian national guidelines at the time of treatment initiation. 
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starting DNA concentration ( ≤100 ng/μL and > 100 ng/μL, respec-

tively), and DNase/RNase-free water to a total volume of 20 μL.

Calculation of the optimum dilution of cellular DNA in the final

PCR mix is detailed in Supplementary Fig. S2. Integrated proviral

DNA was measured by the published methods of Tan et al. [23] and

Vandergeeten et al. [24] . Both techniques are nested PCRs with a

first round of amplification of HIV-1 LTR-Alu or Alu-Alu DNA frag-

ments. The LTR-specific primer further includes a lambda-specific

linker sequence to increase the specificity of the second reaction,

which is a real-time PCR employing a fluorescent HIV-1-specific

probe. The primers, probes and amplification conditions adopted

were those described in the original publications. The technique of

Tan et al. [23] was adapted to human PBMCs by starting with an

initial genomic DNA concentration of 100 ng/μL and transferring

a quantity of 9 μL of the first amplification product to the sec-

ond amplification mix (final volume 20 μL). These starting quanti-

ties produced an optimal yield of amplification according to pre-

liminary analyses similar to those described in Supplementary Fig.

S2. Based on sample availability, analyses were conducted in dupli-

cate for the method of Tan et al. [23] and in triplicate for that of

Vandergeeten et al. [24] . Fluorescence curves were visualised us-

ing CFX Maestro software (Bio-Rad, Hercules, CA, USA), which au-

tomatically computes Ct values. Ct values derived from damping

curves were discarded and anomalous Ct values of < 10 were sub-

jected to electrophoretic analyses and were compared with posi-

tive and negative controls derived from in vitro HIV-1-infected and

mock-infected cells. The average Ct values of housekeeping genes

(human β-globin for [23] and CD3 for [24] ) were subtracted from

the HIV-1 Ct values to obtain �Ct values. The relative impact of

treatments on proviral DNA was calculated as the –��Ct (baseline

�Ct – �Ct at 5 months of treatment), which provides the log 2 fold

change. 

2.4. Nef sequence amplification 

The nef gene including small stretches of the neighbouring 5 ́

and 3 ́ sequences was amplified by PCR from genomic DNA accord-

ing to previously published techniques [25–30] and as detailed in

the Supplementary methods. 

2.5. Flow cytometry 

For flow cytometry experiments, 5 × 10 5 PBMCs were first

stained with the viability dye AmCyan LIVE/DEAD 

TM Fixable Aqua
ead Cell Stain Kit (Thermo Fisher Scientific) and were then

tained for phenotypic markers of lymphocyte identity using

llophycocyanin-Cy7 (APC-Cy7) anti-CD3 (BD Biosciences, Franklin

akes, NJ, USA), APC anti-CD4 (e-bioscience, San Diego, CA, USA),

uorescein isothiocyanate (FITC) anti-CD25 (BD Biosciences), FITC

nti-CD38 (BD Biosciences) and peridinin-chlorophyll-protein com-

lex (PerCP) anti-CD69 (e-bioscience) [31] . For intracellular cy-

okine analysis, after staining for viability and surface markers,

ells were fixed and made permeable using an Intracellular Fixa-

ion & Permeabilisation Buffer Set (eBioscience) according to the

anufacturer’s instructions and phycoerythrin (PE) anti-IL2 (R&D

iosystems, Minneapolis, MN, USA) antibodies. Flow cytometry

nalyses were carried out in an LSRFortessa TM Analyzer (BD Bio-

ciences). The experiments were analysed using FlowJo v.9.8 soft-

are (Tree Star, Inc., Ashland, OR, USA). 

.6. Bioinformatics analyses 

Sequences were saved in FASTA format and were analysed using

he online phylogeny.fr software ( https://www.phylogeny.fr/ ) [32] ,

nd the workflow for the analyses was selected using the ‘à la

arte’ option of the website. T-coffee was selected for sequence

lignment. Alignments were then adjusted using gBlocks. Given

he low sequence variation within each patient, we allowed (i)

maller final blocks, (ii) gap positions within the final blocks and

iii) less strict flanking positions compared with the default set-

ings. PhyML was used to prepare the phylogenetic trees. A robust

ost-hoc analysis was then applied to validate the results (boot-

trapping procedure with 100 bootstraps). Trees were then ren-

ered as phylograms, collapsing the tree branches having branch

upport values < 50%. To ensure reproducibility, phylogenetic tree

reparation was repeated using the parsimony method ‘Tree Anal-

sis Using New Technology’ (TNT) and post-hoc resampling using

oth the Jackknife and the symmetric resampling methods. 

.7. Measurement of HIV-1 replication and integration upon 

uranofin treatment of in vitro-infected CD4 + T-cells 

The impact of auranofin on integrated DNA in vitro was esti-

ated by infecting activated CD4 + T-cells with either wild-type

IV-1 or the dual-colour fluorescent orange–green HIV-1 (OGH) re-

orter [33] (details in Supplementary methods). 

https://www.phylogeny.fr/
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Table 2 

List of adverse events recorded in each of the treatment groups. 

Adverse event No. (%) of patients [grade] Total no. 

Group 1 Group 2 Group 4 

Any clinical event 5 (100%) [1] 3 (60%) [1,2] 4 (80%) [1,2] 12 

Grade 3–4 event 0 0 0 0 

Diarrhoea 1 (20%) [1] 3 (60%) [1,1,2] 4 

Sore throat 1 (20%) [1] 1 

Dizziness 1 (20%) [1] 1 

Asthma 1 (20%) [1] 1 

Sinus infection 1 (20%) [1] 1 

Dyspepsia 1 (20%) [1] 1 

Nephritic colic 1 (20%) [1] 1 

Pruritus 1 (20%) [1] 1 

Fracture of 5th finger 1 (20%) [2] 1 

Any laboratory event 2 5 3 10 

g-GT 1 [1] 2 [1] 3 

LDL cholesterol 1 [1] 1 

ALT 2 [1] 1 [1] 3 

Creatinine 1 [1] 1 [2] 2 

Triglycerides 1 [1] 1 

g-GT, gamma-glutamyl transferase; LDL, low-density lipoprotein; ALT, alanine 

aminotransferase. 

Fig. 1. Dynamics of CD4 + T-cell counts in patients treated with intensified an- 

tiretroviral therapy + auranofin. CD4 + T-cell numbers (cells/μL) were assessed by 

flow cytometry starting from the first administration of auranofin (Week 0). 
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.8. Computational simulations 

Computational simulations of latently HIV-1-infected cell dy-

amics were based on the system of differential equations devel-

ped by Rong and Perelson [34] , applying the baseline parame-

ers as shown by the same authors. Numerical simulations were

erformed with the ordinary differential equations’ solver of the

ATLAB 

R © software. The proliferation-upon-activation rate ( prolif-

ration rate ; normal rate, 1.4 day –1 ) was decreased proportionally

o the result obtained in the experiment described in the previous

aragraph. 

.9. Statistical analyses 

Data analyses were conducted using GraphPad Prism v.7.02

GraphPad Software Inc., San Diego, CA, USA). Differences between

roportions were calculated using the χ2 test or Fisher’s exact test.

ifferences in proviral DNA for both techniques adopted were anal-

sed by two-way analysis of variance (ANOVA) followed by post-

oc false discovery rate (FDR) multiple comparison analysis [level

f significance for the adjusted P -value ( q ) = 0.05]. Where there

as no previous indication of an effect, double-tailed tests were

dopted. Correlation between variables was obtained by linear re-

ression or by non-linear regression if the former was not appli-

able such as in the case of bell-shaped curves. For in vitro re-

ults, data were expressed as log 2 fold change expression in CD4 + 

-cells treated with auranofin compared with untreated cells. Val-

es of fold changes relative to experiments with wild-type HIV-1

nd dual-colour OGH virus [33] were pooled and were compared

ith the null hypothesis (i.e. log 2 fold change = 0) by one-sample

 -test. Differences in activation markers were analysed by ANOVA

ollowing LOGIT transformation to restore normality. 

. Results 

.1. Safety 

Experimental treatments were conducted in subjects under ART

ho had displayed stably undetectable viral loads with a first-

ine therapy according to the Brazilian national guidelines. Patients

ere enrolled and randomised as described in the flow chart in

upplementary Fig. S1. A 5-month timeframe for the auranofin

reatment was chosen because it coincides with plateauing plasma

nd tissue levels of the drug [21] . Within the timeframe consid-

red in this report, all of the patients recruited adhered to the

rotocol assigned and no dropouts from the study were observed.

uranofin treatment was well tolerated. In general, no major side

ffects were reported, and the overall health condition of the en-

olled subjects remained satisfactory ( Table 2 ). No severe (grade 3

r 4) events were observed in any of the treatment groups anal-

sed. Addition of auranofin was not associated with an increased

ccurrence of clinical or laboratory events compared with the ART-

nly regimens considered [odds ratio (OR) = 1.00, 95% confidence

nterval (CI) 0.58–1.71 for clinical events; and OR = 1.17, 95% CI

.51–2.66 for laboratory events]. None of the treatments affected

iral loads, which remained permanently below the limit of detec-

ion of the assay (40 copies of viral RNA/mL of plasma; Supple-

entary Fig. S3). In line with the mechanism of action of the drug,

he auranofin-treated group showed a transient decrease in CD4 + 

-cell counts at Weeks 8 and 12 ( Fig. 1 ). 

.2. Impact of auranofin on total HIV-1 DNA 

As an estimate of the viral reservoir, total viral DNA was mea-

ured using a previously published qPCR technique [22] . Auranofin

ecreased viral DNA in PBMCs ( Fig. 2 ). Due to the small number
f patients enrolled per arm, it was not possible to estimate the

mpact of the different ART regimens on viral DNA. To minimise

ny bias residing in reportedly imprecise viral nucleic acid quan-

ification such as outlier value effects (e.g. Fig. 2 D), a χ2 analysis

as performed estimating only the relative impact of auranofin on

IV-1 DNA. When auranofin-treated patients were compared with

RT-only-containing regimens, a significantly higher number of pa-

ients experienced a decrease in viral DNA ( P = 0.0365; OR = 9.75,

5% CI 1.10–72.39). 

.3. Impact of auranofin on integrated HIV-1 DNA 

As gold salts have been shown to exert an antiretroviral ef-

ect by interacting with the nucleocapsid protein of HIV-1 [35] , the

iral DNA changes in group 2 (intensified ART) and group 4 (in-

ensified ART + auranofin) were further characterised by specific

easurement of integrated viral DNA using two different Alu PCR

echniques [23,24] . As a measure of precaution, the results were

xpressed in terms of relative amplification of integrated HIV-1.

ig. 3 shows the relative (within-subject) change of integrated DNA

n the two groups (–��Ct). The analyses showed a significant de-

rease of the integrated HIV-1 DNA over time only in the intensi-

ed ART + auranofin group according to both techniques ( Fig. 3 ). 

Along the lines of previous literature data [36] , the analyses

n Fig. 3 showed significant discrepancies between techniques.

herefore, we decided to further investigate this issue by con-

ucting a correlation analysis of the results obtained. Although no
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Fig. 2. Levels of total HIV-1 viral DNA in different treatment groups: (A) ART controls; (B) intensified ART; (C) intensified ART + auranofin; and (D) partially intensified ART 

(dolutegravir). Values at Weeks 0 and 20 after experimental treatment initiation. ART, antiretroviral therapy. 

Fig. 3. Relative levels of integrated HIV-1 viral DNA in peripheral blood mononu- 

clear cells (PBMCs) of patients treated with intensified antiretroviral therapy (ART) 

with or without auranofin (Aur). Levels of integrated viral DNA were assessed by 

Alu PCR according to the methods described in Tan et al. [23] and Vandergeeten 

et al. [24] . Data are shown as log 2 fold change in viral DNA (the lower the –��Ct 

value, the less viral DNA). Bars show the means ± standard error of the mean. q 

is the P -value corrected for multiple comparisons by controlling the false discovery 

rate (threshold for significance, q = 0.05). 
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significant correlation between techniques was at first detected

(Pearson’s correlation, P = 0.7911; Supplementary Fig. S4), a corre-

lation trend became apparent if two outlier values (–��Ct differ-

ence between techniques > 15) were excluded (Pearson’s correla-

tion test, P = 0.074; Supplementary Fig. S4). By pooling the results

of all techniques adopted (including total viral DNA measurement,

indicated by some to be a less ambitious but more realistic marker

of the viral reservoir [37] ), the median size of the viral DNA pool
uring treatment with auranofin amounted to 11% of pre-

reatment values (range, 7.5–30%). 

.4. Qualitative impact of auranofin on viral DNA composition 

The composition of the viral DNA pools was then assessed to

urther analyse the impact of auranofin. Recent studies have sug-

ested that a consistent proportion of HIV-1 DNA is maintained

y a limited number of proliferating clones [38–40] . If auranofin

ndeed has an impact on HIV-1 DNA by inhibiting cell prolifera-

ion, the contribution of the original main clones to viral diversity

hould decrease or disappear and the composition of the viral DNA

hould change during auranofin treatment. To test this hypothesis,

he nef gene and small stretches of the neighbouring 5 ́ and 3 ́ se-

uences ( env and LTR) of the HIV-1 DNA obtained from PBMCs of

hree HIV-1-infected individuals subjected to treatment with inten-

ified ART or intensified ART + auranofin were sequenced and the

volution of viral sequences over time was analysed (as detailed

n Supplementary methods). The nef gene was chosen because of

ts relatively high within-host diversity and its ability to represent

he diversity of viral DNA copies that are not truncated [41,42] . Re-

ults showed that the sequences from Month 5 of the intensified

RT-only-treated individual 2-1 were strongly intermingled with

losely related sequences prevalent at Month 1; a similar, albeit

ess pronounced, trend was observed in subject 2-3 ( Fig. 4 ). This

rend matches the observation that viral evolution and diversifi-

ation do not occur over long-term suppressive ART as shown in

everal studies [43–49] . However, in patient 2-2, sequences from

onth 1 and Month 5 were clearly phylogenetically distinct. 

Such distinct and separate clustering between sequences iso-

ated at Months 5 and 1 was observed in all three available sets

f sequences from patients who had received intensified ART with

uranofin ( Fig. 4 ). The proportion of intensified ART + auranofin-

reated individuals showing a distinct clustering of sequences (3/3)
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Fig. 4. Phylogenetic trees of HIV-1 nef sequences. Sequences were isolated from HIV-1-infected individuals at Month 1 (black) and Month 5 (blue) of treatment with 

intensified ART-only and intensified ART + auranofin. Bootstrap branch support values are displayed in red. ART, antiretroviral therapy. 
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as significantly different from that observed in the intensified

RT-only group (difference between proportions, P = 0.0416). This

rend suggests that the bulk of the original proviral sequences

ere decreased or depleted by the treatment and that auranofin

ight affect the composition of the circulating viral DNA. 

.5. In vitro antiproliferative effect of auranofin predicts in vivo 

eservoir reduction 

The techniques adopted to analyse viral DNA in ART-treated in-

ividuals do not allow highlighting the replication-competent vi-

al reservoir because 90% of the integrated viral DNA is likely to

e defective [50] . Thus, to provide an estimate of the impact of

he antiproliferative effect of auranofin on the viral reservoir, in

itro data obtained from primary CD4 + T-cells was combined with
athematical modelling. Specifically, we used a widely adopted

ystem of differential equations [34] , which takes into account a

umber of variables, including proliferation upon activation, and

djusted this parameter based on the results obtained in vitro with

 concentration of auranofin corresponding to its steady-state lev-

ls (Supplementary methods; Supplementary Fig. S5). 

In the auranofin-treated condition, the proliferation rate was

owered from 1.4 day –1 (normal rate) to 0.56 day –1 , i.e. in propor-

ion to the results of the in vitro experiments. All other baseline

arameters were kept the same as those originally described by

ong and Perelson [34] . The results showed that upon auranofin

reatment, the viral reservoir is expected to decay to 37% of the

riginal level ( Fig. 5 A), a decrease slightly less pronounced than the

ange (7.5–30%) calculated from the ex vivo viral DNA data ( Figs. 2

nd 3 ). 
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Fig. 5. Mathematical modelling of the decay of the HIV-1 reservoir over time following antiproliferative interventions. (A) Numerical simulations of programmed expansion 

and contraction of the viral reservoir. A simulation of the viral reservoir (L cells) dynamics in a human model is provided. The simulation is based on the five differential 

equations model in [34] . For starting data, see the same reference. Different proliferation rates ( p ) are shown (day –1 ), corresponding to the auranofin-induced decrease (top 

panel) and to a scenario of a patient treated with antiretroviral therapy (ART) only (bottom panel). The activation function adopted to simulate lymphocyte encounter with 

antigens is illustrated in [34] . (B) Long-term projection of the impact of auranofin on the viral reservoir. An estimate of the long-term impact of auranofin on the viral 

reservoir is provided here with the ‘composite interest’ formula, assuming a constant decay of the HIV-1 reservoir: L = 5 × 10 5 •(1–DR ) t , where L is the reservoir size, DR is 

its decrease rate in the unit of time, t is the time from therapy initiation, and 5 × 10 5 (cells) is the initial value, as reported in [34] . Previously published cure thresholds 

[57,58] are shown by the dotted lines. 
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3.6. Effect of auranofin on activation/proliferation markers of CD4 + 

T-cells 

To investigate whether treatment with auranofin might have

had an impact on activation, and consequently proliferation, of

CD4 + T-cells in HIV-1-infected individuals under ART, the lev-

els of CD4 + T-lymphocytes expressing well-validated immune ac-

tivation/proliferation markers in HIV-1 infection were measured,

i.e. CD38, HLA-DR, CD69 [51,52] and intracellular IL-2, a cytokine

known to induce T-cell activation/proliferation [53] . 

It was found that both groups treated with intensified ART

(group 2) and intensified ART + auranofin (group 4) displayed a

decreased percentage of CD4 + CD38 + (group 2, P = 0.046; group

4, P = 0.0082; Supplementary Fig. S6) and CD4 + HLA-DR 

+ T-cells

(group 2, P = 0.003; group 4, 0.033; Supplementary Fig. S6). This

decrease was likely to be due to the inhibition of lymphocyte acti-

vation exerted by maraviroc at a different level [54] . Instead, only

treatment with intensified ART/auranofin significantly decreased

expression of CD69, a surface lymphocyte molecule inducing T-cell

proliferation through IL-2 synthesis (group 2, P = 0.982; group 4,

P < 0.0 0 01; Supplementary Fig. S6). This phenomenon was associ-

ated with decreased intracellular expression of IL-2, although, due

to the low number of subjects enrolled, this decrease was not sta-

tistically significant (Supplementary Fig. S6). 

4. Discussion 

The results of this study suggest that auranofin might have an

impact on viral DNA dynamics through an antiproliferative effect,

as inferred from all tests conducted. To estimate the potential ef-

fect of auranofin on the HIV-1 reservoir, viral DNA (both total and

integrated) was used as a surrogate marker. For these analyses, a

conservative approach was followed by taking into account only

relative values of integrated HIV-1 DNA. Moreover, different tech-

niques, including phylogenetic analyses, were employed to confirm

the results obtained. 
The sequence analyses indicated that auranofin may enhance

iversification of viral DNA over time. Based on previous reports

15,16] , we envision that such an effect mainly reflects restriction

f the clonal expansion of HIV-1-infected cells. In this regard, ART

ntensification through maraviroc, a drug previously shown to have

 possible impact on viral DNA [54,55] , might have influenced the

iversification of HIV-1 DNA sequences over time. 

The in vitro and ex vivo data, coupled with mathematical mod-

lling, showed that the antiproliferative effect of auranofin may

e a major driver of the HIV-1 DNA dynamics detected in vivo.

hat the replication-competent viral reservoir might be similarly

estricted by the antiproliferative effect of auranofin is suggested

y a comparison of the current in vivo data with results from

 mathematical model. This model has previously been able to

imulate the viral load and viral reservoir dynamics occurring in

IV-1-infected individuals and SIV-infected macaques treated with

RT [34,54] . However, the mathematical model employed may not

ake into account a number of events occurring in vivo, e.g. the

ossible anti-reservoir effects of CCR5 blockade [54,55] . Moreover,

dditional effects of auranofin, such as its pro-apoptotic and pro-

ifferentiating action, might have contributed to the result ob-

ained [17] . 

Whilst this study reports on the first use of auranofin in ART-

reated HIV-1-infected individuals, it presents some limitations,

uch as the small number of patients enrolled and HIV-1 DNA se-

uences obtained. Furthermore, HIV-1 integration sites were not

valuated, precluding more definite conclusions regarding HIV-1-

nfected cell clonal expansion in the current study. For these rea-

ons, it is difficult to discern between the impact of auranofin

nd ART intensification. Moreover, we confirm that discordance be-

ween methods for viral reservoir detection is a major problem af-

ecting research on an HIV-1 cure at present. As previously shown

y Eriksson et al. [36] , there is a high level of divergence between

echniques, with absolute integrated HIV-1 DNA values sometimes

eing higher than the total DNA values. Finally, the choice of con-

ucting this first trial only in male subjects was driven by the need
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o exclude complications from potential teratogenic effects of aura-

ofin and, more recently, dolutegravir [20,56] . 

The study subjects of this trial may still be representative of

he HIV-1-infected population in the Americas, where the epi-

emic is still most prevalent in men who have sex with men

57] . The interim analysis of this phase II trial shows that aura-

ofin administration in combination with intensified ART is well

olerated in this population. A transient decline in CD4 + T-cell

ounts in the auranofin-treated group was the only side effect

learly attributable to the drug and was consistent with its anti-

ymphoproliferative effect [15] . In line with the good safety profile

bserved in this trial, future studies may diversify enrolment to

nsure the reproducibility of the results in a broader population,

ncluding women and children. 

The significance of these findings for the HIV-1 cure field is

upported by a further mathematical simulation of the long-term

mpact of antiproliferative agents on the viral reservoir size. Our

orecast based on analysis of data from this clinical trial using the

ompound interest approach ( Fig. 5 B) shows that, in a timeframe

f < 2 years, viral DNA would decrease to levels below previously

alculated HIV-1 cure thresholds [58,59] , further decreasing the

umber of cells infected with HIV-1 competent strains in a sce-

ario where defective HIV-1 is already prevalent owing to long-

erm effective ART [60] . This projection is in line with a recent

alculation of the HIV-1 curing potential of disease-modifying an-

iproliferative agents, which is based on a different method and

n data from another clinical trial (using mycophenolate) [61] . Un-

ortunately, long-term administration of auranofin is discouraged

wing to loss of activity and possible toxicity, and for this reason

he current clinical trial planned auranofin administration for only

 months. Therefore, addition of other agents such as the glu-

athione inhibitor buthionine sulfoximine (BSO), which is able

o increase the antiproliferative effect of auranofin [62] , might

e necessary to accelerate the decay of the viral reservoir dur-

ng the timeframe in which auranofin treatment is safest. Com-

ining BSO with auranofin was previously shown to induce a

unctional cure of the infection in SIV-infected macaques [15,62] ,

nd a clinical trial is being planned to test whether this ef-

ect could be reproducible in humans. In this regard, our need

o estimate the effects of auranofin in HIV-1-infected individu-

ls under ART before adding a second oxidative stress-enhancing

rug was the main reason behind the planning of this interim

nalysis. Alternatively, other agents that possess auranofin-like

roperties but are tolerated for longer could be administered

or a prolonged attack on the viral reservoir. Finally, structured

reatment interruptions will be necessary in future clinical tri-

ls to assess the anti-reservoir impact of auranofin-containing

egimens. 
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